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1a,25-Dihydroxyvitamin D3 (1,25D3) is critical for the maintenance of normal reproduction since reduced
fertility is observed in vitamin D-deﬁcient male rats. The aim of this study was to investigate the effect of
1,25D3 in 30-day-old rat testicular plasma membrane targets (calcium uptake and gamma-glutamyl
transpeptidase (GGTP) activity), as well as to highlight the role of protein kinases in the mechanism of
action of 1,25D3. The results demonstrated that 1,25D3 induced a fast increase in calcium uptake in rat
testis through a nongenomic mechanism of action. This effect was dependent on PKA, PKC and MEK.
Moreover, ionic channels, such as ATP- and Ca2+-dependent K+ channels and Ca2+-dependent Cl chan-
nels, are involved in the mechanism of action. The use of BAPTA-AM showed that [Ca2+]i was also impli-
cated, and the incubation with digoxin produced an increase in 45Ca2+ uptake indicating that the effect of
1,25D3 may also result from Na+/K+-ATPase inhibition. In addition, 1,25D3 was able to increase the GGTP
activity. Considered together, our results indicate a PKA/PKC/MEK-dependent 1,25D3 pathway as well as
ionic involvement leading to 45Ca2+ uptake in immature rat testis. These ﬁndings demonstrate that
1,25D3 stimulates calcium uptake and increases GGTP activity which may be involved in male reproduc-
tive functions.
 2011 Elsevier Inc. Open access under the Elsevier OA license.Introduction
The active form of vitamin D3, 1a,25-dihydroxyvitamin D3
(1,25D3)1, is a seco-steroid that inﬂuences a wide variety of tissues
and functions [1]. Classic actions of 1,25D3 involve the vitamin D nu-
clear receptor (VDR) which modulates gene expression. On the other
hand, numerous studies have shown rapid responses to 1,25D3
involving a plasma membrane-associated receptor which leads to
the formation of second messengers (calcium, cAMP and inositol),
as well as the activation of protein kinases, such as mitogen-
activated protein kinase (MAPK), protein kinase A (PKA) and protein
kinase C (PKC), and it may also inﬂuence ionic channel activity [2].
The plasma membrane effects and rapid responses described forde Bioquímica, Centro de
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evier OA license.1,25D3 include the opening of voltage-dependent calcium [3,4] and
chloride channels in osteoblasts [4].
Several ﬁndings suggest that, in addition to its regulation of cal-
cium and phosphorus homeostasis, 1,25D3 plays an important role
in reproduction. Fertility rates signiﬁcantly decrease in vitamin
D-deﬁcient male rats [5] and in VDR null mutant mice the sperm
count and motility are reduced resulting in atrophic seminiferous
epithelium and in rare spermatogenesis [6].
An increase in intracellular calcium is associated with secretory
activities in a variety of cell types including Sertoli cells [7]. Sertoli
cells contribute to spermatogenesis since they supply the seminif-
erous epitheliumwith a rich ionic ﬂuid to support the ongoing nor-
mal development of germ cells [8]. Testis energy is provided
mostly by glucose, which is the preferred substrate in mammals
[9]. However, glucose is present in very low concentration in the
lumen of seminiferous tubules and most of the germ cell ATP is
synthesized through the degradation of lactate and pyruvate pro-
duced by Sertoli cells [10].
We have demonstrated that 1,25D3 induces prompt alterations
in some biophysical membrane characteristics, including the mem-
brane potential, the dynamics of a speciﬁc plasma membrane
transport system, and the membrane permeability [11,12]. One
of the most important plasma membrane enzymes, Na+/K+-ATPase,
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iological levels. This pump provides the energy for the Na+-coupled
transport of various nutrients into the cell, including glucose, ami-
no acids and vitamins [13] and it is present in Sertoli cells, which
secrete a K+-rich ﬂuid into the lumen of seminiferous tubules [14].
Gamma-glutamyl transpeptidase (GGTP; EC 2.3.2.2) has been
found in a number of tissues, including in the testis, and is mainly
associated with Sertoli cells [15,18]. GGTP is a plasma membrane
enzyme present in high concentrations in cells involved in secre-
tory activity [16]. This enzyme catalyzes the transfer of gamma-
glutamyl peptides to either other peptides or to L-amino acids
[17,18] and may play a role in the synthesis of speciﬁc proteins
known to be secreted by Sertoli cells. Also, GGTP increases mark-
edly in rat testis between birth and 20 days of age and does not
change signiﬁcantly thereafter for up to 100 days of age [15].
In our previous studies on whole immature rat testis the stim-
ulatory effect of 1,25D3 through a speciﬁc and selective plasma
membrane amino acid transport system was demonstrated [11].
These previous results pointed to both a genomic effect triggered
by PKA or rapid responses involving Ca2+/K+ channels in the plasma
membrane. Also, we have recently demonstrated that a PKA/PKC-
dependent 1,25D3/VDR nongenotropic pathway leads to Cl chan-
nel activation and exocytose in TM4 cells [12]. In addition, we have
demonstrated that extracellular calcium, as well as voltage-depen-
dent calcium channels (VDCCs), is necessary to mediate the plasma
membrane effect of 1,25D3 in immature rat testis [11].
Based on our recent ﬁndings that VDR is expressed to a greater
extent in the Sertoli cells of the testis of rat at 30 days old com-
pared with 20 or 10 days old [19], and bearing in mind that sper-
matogenesis and steroidogenesis in the adult phase is dependent
on the Sertoli cell number established before the blood-barrier for-
mation, which determines the complete and active spermatogenic
wave, we investigated whether 1,25D3 regulates calcium uptake
and GGTP activity in 30-day-old rat testis which could contribute
to the secretory activities of Sertoli cells, with potential implica-
tions in terms of male reproductive functions.Materials and methods
Chemicals
1a,25(OH)2-vitamin D3 (1,25D3), 1,2-bis(2-aminophenoxy)
ethane-N,N,N0,N0-tetraacetic acid tetrakis (acetoxymethyl ester)
(BAPTA-AM), N-[2-(p-bromocinnamylamino)ethyl]-5-isoquino-
linesul fonamide (H-89), (bisindoylmaleimidine IX, 2-{1-[3-(amidi-
nothio)propyl]-1H-indol-3-yl}-3-(1-methylindol-3-yl) maleimide
methanesulfonate salt) RO 31–8220, (2-(2-amino-3-methoxy-
phenyl)-4H-1-benzopyran-4-one) PD 98059, digoxin, theophylline,
dibutyryl cAMP, 9-anthracene carboxylic acid, 4,40-diisothiocyanat-
ostilbene-2,20-disulfonic acid (DIDS), tolbutamide, apamine, diazox-
ide, 1-[6-[((17b)-3-methoxyestra-1,3,5[10]-trien-17-yl)amino]
hexyl]-1H-pyrrole-2,5-dione (U73122), bovine serum albumin
(BSA), acrylamide and bis-acrylamide were purchased from Sig-
ma–Aldrich (St. Louis, MO, USA). [45Ca]CaCl2 (sp. act. 321 KBq/mg
Ca2+), and Optiphase Hisafe III biodegradable scintillation liquid
were purchased from Perkin–Elmer (Boston, USA). The antibodies
p44/42 MAP Kinase (anti-ERK1/2), phospho-p44/42 MAP Kinase
(Thr202/Tyr204) were obtained from Cell Signaling Technology
(Boston, MA, USA) and peroxidase conjugated anti-rabbit IgG from
GE Healthcare (Amersham, Buckinghamshire, UK). The anti-VDR
antibody (sc-1008) was obtained from Santa-Cruz and the second
antibody goat anti-rabbit IgG coupled to AlexaFluor 488 from
Molecular probes (Invitrogen). The Immobilon™Western chemilu-
minescent HRP substrate was obtained from Millipore. All other
chemicals were of analytical grade.Animals
Thirty-day-old male Wistar rats were bred in our animal facility
and housed in an air conditioned room (21 ± 2 C) with controlled
lighting (12 h/12 h light/dark cycle). All animals were maintained
with pelleted food (Nuvital, Nuvilab CR1, Curitiba, PR, Brazil) and
tap water available ad libitum. The animal procedures were carried
out in accordance with the ethical recommendations of the Brazil-
ian Veterinary Medicine Council and the Brazilian College of
Animal Experimentation (Protocol CEUA/PP00179).Confocal microscopy analysis
Testes were ﬁxed in 3% formaldehyde in phosphate buffered
saline, pH 7.4, followed by embedding in parafﬁn and then further
sliced into 3 lm-thick sections [20]. Slides of testes were deparaff-
inized in toluene, rehydrated in ethanol and rinsed in tap water.
After this step, sections were placed in 0.1 M sodium citrate and
citric acid buffer, heated for 20 min in a 350Wmicrowave oven, al-
lowed to cool for 60 min, and rinsed in tap water and in PBS three
times. Sections then were contoured with Dakopen and nonspeciﬁc
binding sites were blocked with 3% PBS–BSA for 60 min at room
temperature. The sections were then incubated overnight with
rabbit anti-VDR (C-20) (sc-1008) polyclonal antibody (1:500 di-
luted in 3% PBS–BSA) at 4 C. After thorough rinsing, all sections
were incubated with goat anti-rabbit IgG conjugated to Alexa Fluor
488 (1:500) for 60 min at room temperature, washed with PBS and
mounted with DAPI [21], with minor modiﬁcations. Control stain-
ing was performed on serial slides where primary anti-VDR anti-
body was replaced with 3% BSA in PBS. Images were captured
with FV10-ASW software version 2.0 under an Olympus confocal
microscope.Calcium uptake
Animals were killed by decapitation and the testis were decap-
sulated and preincubated in Krebs Ringer-bicarbonate (KRb) buffer
(122 mM NaCl; 3 mM KCl; 1.2 mM MgSO4; 1.3 mM CaCl2; 0.4 mM
KH2PO4; 25 mM NaHCO3) for 15 min in a Dubnoff metabolic incu-
bator at 34 C, pH 7.4 and gassed with O2:CO2 (95:5; v/v). The med-
ium was replaced with fresh KRb with 0.1 lCi/mL 45Ca2+ and the
sample incubated for 60 min. Finally, the tissue was incubated
for 1 and 5 min with 45Ca2+ either in the absence (control) or the
presence of 1,25D3 (1013–107 M). In some experiments channel
blockers or kinase inhibitors were added 20 min before the hor-
mone addition and maintained for the whole incubation period.
BAPTA-AM 50 lM, U73122 1 lM [22]; theophylline 50 lM [23];
digoxin 1 lM [24]; tolbutamide 100 lM, 9-anthracene 1 lM, RO-
318220 1 lM [25]; PD 98059, H-89 [12,19] and diazoxide 10 lM
[26]; DIDS 10 lM [12]; apamine 0.1 lM and dibutyryl cAMP
500 lM [11] were prepared in KRb buffer.
At the end of the incubation period, extracellular 45Ca2+ was
thoroughly washed off the testis in 127.5 mM NaCl, 4.6 mM KCl,
1.2 mM MgSO4, 10 mM HEPES, 11 mM glucose, and 10 mM LaCl3,
pH 7.3 (30 min in washing solution). The presence of La3+ during
the washing stage was found to be essential to prevent the release
of intracellular 45Ca2+ [27]. After washing, testes were homoge-
nized with 0.5 M NaOH solution, 50 lL aliquots were placed in
scintillation ﬂuid and then in a LKB rack beta liquid scintillation
spectrometer (model LS 6500; Multi-Purpose Scintillation Coun-
ter–Beckman Coulter, Boston, USA) [25], and 5 lL aliquots were
used for total protein quantiﬁcation. The results are expressed as
% of control which represents an average of 30.30 ± 2.3 pmol
45Ca2+/lg protein.
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Rat testes were preincubated for 15 min in KRb. After that, the
testis were preincubated for 20 min in the presence or absence of
RO 318220 (PKC inhibitor) or H-89 (PKA inhibitor) followed by
incubation with/without 109 M 1,25D3 for 5 min at 34 C in the
KRb. After hormone treatment, the testes were rapidly homoge-
nized in a lysis solution containing 2 mM EDTA, 50 mM Tris–HCl,
pH 6.8, 4% (w/v) and the protein concentration was determined.
For electrophoresis analysis, equal protein concentrations (50 lg)
were loaded onto 10% polyacrylamide gels and analyzed by SDS–
PAGE according to the discontinuous system of Laemmli [28] and
transferred to nitrocellulose membranes in transfer buffer
(48 mM Trizma, 39 mM glycine, 20% methanol and 0.25% SDS).
The nitrocellulose membranes were incubated for 2 h in blocking
solution (TBS; 0.5 M NaCl, 20 mM Trizma, plus 5% defatted dried
milk) and then incubated overnight at 4 C with anti-ERK1/2 and
anti-phospho ERK1/2 (Thr202/Tyr204) diluted to a ratio of
1:1000. Membranes were incubated for 120 min with anti-rabbit
IgG (1:1000) and immunoreactive bands were visualized using
the Immobilon™ Western chemiluminescence HRP substrate kit
[22]. Autoradiograms were quantiﬁed by scanning the ﬁlms with
a Hewlett–Packard Scanjet 6100C scanner and determining optical
densities with an OptiQuant version 02.00 software (Packard
Instrument Company).
GGTP assay
GGTP activity was measured with the use of the modiﬁed tech-
nique described previously by Orlowsky and Meister [29] using L-
c-glutamyl p-nitroanilide as the substrate and glycylglycine as
the acceptor molecule.
Rat testes in either the control or 1,25D3 (109 M) treated
groups were preincubated for 20 min in KRb followed by incuba-
tion with or without 1,25D3 for 5, 15, 30, 60, 120 and 180 min. In
some experiments kinase inhibitors (10 lM PD98059 or H-89)
were added during the preincubation period and maintained for
the whole incubation period [12,19]. After incubation, the testes
were homogenized in cold 0.1 M Tris buffer, pH 8.5 (10% homoge-
nate w/v), adequate aliquots were saved for total protein determi-
nations and 50 lL were incubated with the enzyme substrate. The
reaction was allowed to proceed for 60 min at 34 C and theFig. 1. Immunolocalization of VDR in 30-day-old rat testis using confocal microscopy.
antibody (green color). Testes were ﬁxed and incubated with anti-VDR antibody (1:500
Section 2. Signiﬁcant immunoﬂuorescence was observed using FITC coloration in th
immunonegative reaction in testicular cells (Fig. 1B). Scale bar, 20 lm. (For interpretati
version of this article.)enzymatic reaction was stopped by addition of acetic acid. The
absorbance of the samples was determined in a plate reader (Tecan
Inﬁnite 200 PRO) at 530 nm. The results were expressed as % of
control.
Lactate determination
Decapsulated testes from 30-day-old rats were incubated for 5,
15, 30 and 60 min either in the presence or absence of 109 M
1,25D3 in KRb buffer and the incubation medium was collected
for lactate measurements. The lactate levels were estimated by
the lactate oxidase method [30] and the results were expressed
as mg of lactate/lg of protein.
Measurement of lactate dehydrogenase (LDH) activity
After incubation of the testes in the absence or presence of the
109 M 1,25D3 for 5, 15, 30 and 60 min, the incubation medium
was collected for determination of extracellular LDH activity by a
spectrophotometric method. The estimation of LDH activity was
carried out by measuring the oxidation of NADH [31] and the re-
sults were expressed as IU/L/mg of tissue.
Total protein determination
The protein concentration was determined by the Lowry meth-
od [32] using serum bovine albumin as the standard.
Statistical analysis
The results are means ± S.E.M. When multiple comparisons
were performed, evaluation was carried out using one-way ANOVA
followed by the Bonferroni multiple comparison test. Differences
were considered to be signiﬁcant when p < 0.05.
Results
VDR localization on 30-day-old rat testis
To detect and localize VDR in 30-day-old rat testis, slices of tis-
sue were analyzed by confocal microscopy using a primary rabbit
anti-VDR polyclonal antibody. Fig. 1A shows the VDR immunoreac-Chromatin is labeled with DAPI (blue color) and VDR is revealed by a polyclonal
) followed by incubation with goat anti-rabbit secondary antibody as described in
e cytoplasm of Sertoli and germ cells (Fig. 1A). Negative control slide showed
on of the references to color in this ﬁgure legend, the reader is referred to the web
Fig. 2. Dose–response curve showing effect of 1,25D3 dose on calcium uptake (A)
and the involvement of intracellular calcium (B) and Na+/K+ ATPase pump (C) in rat
testis. Pre-incubation time: 60 min in the presence of 45Ca2+ 0.1 lCi/mL. At least
20 min before incubation period BAPTA-AM (intracellular calcium chelator) and
digoxin (Na+/K+ ATPase inhibitor) were added. Incubation time: 5 min in the
presence of 1,25D3 and 45Ca2+ 0.1 lCi/mL. Values are means ± S.E.M. of four animals
in each group. ⁄p < 0.05; ⁄⁄p < 0.01; and ⁄⁄⁄p < 0.001 compared to control group.
#p < 0.05 compared to 1,25D3 group.
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partments of testis, the interstitial tissue and the seminiferous tu-
bules possess cells containing VDR. In the seminiferous epithelium,
both Sertoli and germ cells tested positive in the VDR immunode-
tection. The negative control, performed by incubating the slices
without primary anti-VDR antibody, demonstrates VDR immuno-
negative reaction (Fig. 1B).
Dose–response curve of 1,25D3 in
45Ca2+ uptake and involvement of
intracellular calcium and Na+/K+ ATPase in stimulatory effect of the
hormone
After the calcium equilibrium through 60 min of incubation
with 45Ca2+, calcium uptake was additionally monitored for 1 and
5 min in the presence of 1,25D3. Fig. 2A gives the dose–response
curve showing the effect of 1,25D3 doses of 1013–107 M on cal-
cium uptake. A signiﬁcant increase was observed at concentrations
of 109–107 M 1,25D3 in rat testis after 5 min when compared
with the control group. Therefore, for the subsequent calcium up-
take studies we used 109 M 1,25D3 and 5 min of incubation with
the hormone.
Fig. 2B shows that BAPTA-AM was not able to modify signiﬁ-
cantly calcium uptake compared with the control group. However,
it totally blocked the stimulatory action of the hormone in rat tes-
tis indicating that calcium uptake can be inﬂuenced by intracellu-
lar calcium.
In addition, we investigated the involvement of the Na+/K+-
ATPase pump on calcium uptake stimulated by 1,25D3 using digox-
in, a steroidal glucoside that is able to inactivate the pump. It was
veriﬁed that the inactivation of Na+/K+-ATPase immediately in-
creased calcium uptake in a similar way to that observed for
1,25D3. Also, when digoxin was combined with 1,25D3, the calcium
uptake was not potentiated in 30-day-old testis (Fig. 2C).
Involvement of ionic channels in the stimulatory effect of 1,25D3 on
45Ca2+ uptake
In order to verify the involvement of potassium channels in the
mechanism involved in the 1,25D3 inﬂuence on 45Ca2+ uptake we
used tolbutamide (Ca2+-dependent K+ channel inhibitor), apamine
(Ca2+-dependent K+ channel inhibitor) and diazoxide (ATP-depen-
dent K+ channel agonist). The results showed that tolbutamide
and apamine blocked the 1,25D3 action indicating the involvement
of ATP- and Ca2+-dependent K+ channels, respectively. Further-
more, the agonist of ATP-dependent K+ channels diazoxide demon-
strated an effect similar to that of 1,25D3 on calcium uptake,
conﬁrming the role of K+ channels in the 1,25D3 action in testis
(Fig. 3A).
We also investigated whether chloride channels were involved
in the effect of 1,25D3 using 9-anthracene or DIDS (Ca2+-dependent
and voltage-dependent chloride channel blocker, respectively) in
the incubation system either in the presence or absence of the hor-
mone. The results showed that that 9-anthracene totally prevented
the action of 1,25D3 while DIDS partially prevented the hormone-
induced calcium uptake (Fig. 3B).
Involvement of PKC, PLC, MEK and PKA in the stimulatory effect of
1,25D3 on
45Ca2+ uptake
In order to verify the involvement of PKC, phospholipase C
(PLC), MEK and PKA in 1,25D3-dependent 45Ca2+ uptake in the tes-
tis, testicular tissue was incubated in the presence or absence of
the hormone and co-incubated with speciﬁc inhibitors of these en-
zymes – RO 31–8220, U73122, PD 98059 and H-89, respectively.
The results showed that none of the inhibitors used changed the
basal calcium uptake, but all of them were able to prevent thestimulatory effect of 1,25D3 (Fig. 4A and B). In order to conﬁrm
the involvement of the cAMP/PKA cascade in the mechanism of ac-
tion of 1,25D3, the testes were co-incubated with the hormone and
theophylline (a phosphodiesterase inhibitor) or dibutyryl cAMP (a
synthetic nucleotide). Results showed that high cAMP levels due to
both theophylline and dibutyryl cAMP treatments were able to in-
crease calcium uptake. Moreover, we did not observe an additional
stimulatory effect on calcium uptake when testes were incubated
with the hormone in the presence of these drugs. Taken together,
the results obtained using H-89, theophylline and dibutyryl cAMP
Fig. 3. Involvement of potassium (A) and chloride channels (B) in calcium uptake in
30-day-old rat testis. Pre-incubation time: 60 min in the presence of 45Ca2+ 0.1 lCi/
mL. At least 20 min before incubation period tolbutamide (ATP-dependent K+
channel blocker); apamine (Ca2+-dependent K+ channel blocker), diazoxide (ATP-
dependent K+ channel agonist); 9-anthracene (Ca2+-dependent Cl-channel blocker);
and DIDS (voltage-dependent chloride channels blocker) were added. Incubation
time: 5 min in the presence of 1,25D3 and 45Ca2+ 0.1 lCi/mL. Values are
means ± S.E.M. of four animals in each group. ⁄p < 0.05 and ⁄⁄⁄p < 0.001 compared
to control group. #p < 0.05 compared to 1,25D3 group.
Fig. 4. Involvement of PLC, PKC, MEK (A) and PKA (B) in calcium uptake in 30-day-
old rat testis. Pre-incubation time: 60 min in the presence of 45Ca2+ 0.1 lCi/mL. At
least 20 min before incubation time RO-318220 (PKC inhibitor); U73122 (PLC
inhibitor); PD 98059 (MEK inhibitor); H-89 (PKA inhibitor); theophylline (phos-
phodiesterase inhibitor); and dibutyryl cAMP (cAMP analog) were added. Incuba-
tion time: 5 min in the presence of 1,25D3 and 45Ca2+ 0.1 lCi/mL. Values are
means ± S.E.M. of four animals in each group. ⁄p < 0.05 and ⁄⁄p < 0.01 compared to
control group. #p < 0.05 compared with 1,25D3 group.
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the mechanism of 1,25D3 action (Fig. 4B).
Effect of 1,25D3 on total and phospho ERK1/2 levels in the presence or
absence of PKA and PKC inhibitors
In order to verify the involvement of MAPK in the 1,25D3 mech-
anism of action, the immunocontent of total and phospho-ERK1/2
levels was measured in control and treated 30-day-old rat testis.
Incubation with the hormone or kinase inhibitors did not alter
the total ERK1/2 levels (Fig. 5A and C). However, 1,25D3 increased
ERK1/2 phosphorylation and this effect was prevented by PKA and
PKC inhibitors (Fig. 5B and D). In each experiment the gel was
stained with Coomassie blue R-250 for the protein loading control
(data not shown).
Effect of 1,25D3 on GGTP activity
Fig. 6A shows the time-course of GGTP activity in response to
109 M 1,25D3. A signiﬁcant stimulatory effect of the hormone
on GGTP activity was observed at 30 and 60 min of the hormone
exposure. These increases were 38% and 69%, respectively, com-
pared with the control testis. Fig. 6B clearly shows the involvement
of PKA in the mechanism of the 1,25D3 action on the testicularGGTP activity since H-89 was able to block the stimulatory effect
of the hormone on enzyme activity. However, in the presence of
PD 98059 the 1,25D3 effect did not change.Effect of 1,25D3 on lactate production and lactate dehydrogenase
(LDH) activity in rat testis
In addition to the effect of 1,25D3 on some plasma membrane
targets, calcium channels and GGTP activity, the secretory function
and the viability of testicular cells were analyzed. Fig. 7A shows
that 109 M 1,25D3 was not able to signiﬁcantly change the lactate
production in 30-day-old rat testis compared with the respective
control group. On the other hand, the lactate accumulation in the
incubation medium increased signiﬁcantly in a time-dependent
manner, as previously reported for the testis [20]. Moreover, the
LDH activity in the extracellular compartment (incubation med-
ium) was not altered by 1,25D3, demonstrating that the hormone
did not affect the cell viability (Fig. 7B).Discussion
The present study demonstrated the rapid effect of 1,25D3 on
calcium uptake and on the regulation of GGTP activity in immature
rat testis. The presence of speciﬁc 1,25D3 receptors (VDR) observed
Fig. 5. Effect of 1,25D3 109 M on ERK1/2 phosphorylation in rat testis. The total (A and C) and phospho (B and D) ERK1/2 levels were measured, as described in Section 2.
Values are means ± S.E.M. of six animals in each group and expressed as % of control. ⁄p < 0.05, ⁄⁄p < 0.01 and ⁄⁄⁄p < 0.001 compared to control group. #p < 0.05, ##p < 0.01 and
###p < 0.001 compared with 1,25D3 group. Representative immunoblots are showed.
Fig. 6. Effect of 1,25D3 on time-course of GGTP activity (A) and the inﬂuence of PKA
and MAPK pathways on the enzyme activity (B) in 30-day-old rat testis. Values are
means ± S.E.M. of four animals in each group. ⁄p < 0.05; ⁄⁄p < 0.01; and ⁄⁄⁄p < 0.001
compared to control group. #p < 0.05 compared to 1,25D3 group.
Fig. 7. Effect of 1,25D3 on lactate production (A) and LDH activity (B) in 30-day-old
rat testis. Testes were incubated for different times (5–60 min) in the absence or
presence of 1,25D3 (109 M). Values are means ± S.E.M. of four animals in each
group.
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1,25D3 in male reproduction. Furthermore, the immunoﬂuores-
cence analysis provided evidence of Sertoli cells as one of several
sites for 1,25D3 action in immature rat testis, as described by
Osmundsen et al. [33]. Our results are in agreement with previous
52 L. Zanatta et al. / Archives of Biochemistry and Biophysics 515 (2011) 46–53reports that demonstrated binding sites for 1,25D3 in both cyto-
solic and nuclear fractions of whole rat testis [34,35] and VDR
mRNA expression in the Sertoli, Leydig and germ cells of rats [19].
The calcium inﬂux into the cells can occur via voltage- or
ligand-dependent channels as well as through capacitative entry
[36]. Our results indicated the involvement of intracellular calcium
on 45Ca2+ uptake in the testis since the use of BAPTA-AM prevented
the stimulatory effect of 1,25D3. In the testis the capacitative cal-
cium entry was demonstrated in Sertoli and Leydig cells [37,38].
Although these results suggest the participation of store-
dependent calcium channels on the 1,25D3 mechanism of action
on calcium uptake, other calcium-dependent pathways are proba-
bly involved.
It is well known that the inhibition of Na+/K+-ATPase by cardiac
glycosides, such as digoxin, induces an increase in sodium concen-
tration inside the cells. In turn, this sodium accumulation induces
an increase in the intracellular calcium via the Na+–Ca2+ exchanger
activation [39]. Under the present conditions, it was demonstrated
that the testis incubation with digoxin alone or combined with
1,25D3 induced 45Ca2+ uptake and this effect was similar to that ob-
tained with 1,25D3. Therefore, the data presented suggest that be-
sides the calcium entry via store-dependent calcium channels, the
1,25D3 treatment can also lead to the intracellular calcium increase
through the Na+–Ca2+ exchanger. The maintenance of calcium
homeostasis via store-dependent calcium channels and the
Na+–Ca2+ exchanger has been previous described for human sper-
matozoa [40], where the calcium inﬂux has an important role in
spermmotility. Speciﬁcally in the testis, an increase in intracellular
calcium leads to cellular secretion, gene expression and the regula-
tion of enzyme activities [8,41].
The involvement of K+ and Cl channels in the mechanism of ac-
tion of 1,25D3 is well known and described by our group [11,12].
Our results conﬁrmed these previous ﬁndings, demonstrating that
45Ca2+ uptake in immature rat testis is associated with ATP- and
Ca2+-dependent K+ and Ca2+-dependent Cl channels. Based on
such observations it can be proposed that the calcium released
from endoplasmic reticulum stocks could cause the activation of
K+ and Cl channels and thus could induce modiﬁcations in the
plasma membrane potential due to K+ efﬂux and Cl inﬂux. The
changes induced by activation of both channels are known to con-
tribute to an increase in calcium inﬂux from the extracellular med-
ium after internal calcium store depletion by increasing the
electrochemical gradient for calcium [38]. Also, recently we dem-
onstrated that the neutral amino acid uptake stimulated by T4 oc-
curs via Ca2+-dependent K+ and Cl channels as well as PKC activity
[12].
It is known that PKA, PKC and MAPK act as mediators of 1,25D3
responses in a variety of cell systems including immature rat testis
[11,12,22,42]. Concerning the PKA involvement in the stimulatory
effect of 1,25D3 on calcium uptake, our results are in agreement
with those reported by Andersson et al. [43] who suggested that
the phosphorylation and inhibition of Na+/K+ ATPase activity by
PKA induced an increase in the calcium inﬂux via the Na+–Ca2+
exchanger.
Furthermore, we also investigated the involvement of PLC and
PKC in the hormone effect and the results demonstrated the role
of both in mediating the action of 1,25D3 associated with calcium
uptake stimulation. The participation of PKC in the regulation of
1,25D3 actions in the testis has been previously demonstrated,
including the regulation of chloride currents in the TM4 Sertoli cell
line [12]. In the rat testis, the PKC activation by 1,25D3 via PLC can
produce calcium uptake by regulating store-operated calcium
channels as described by Chen et al. [44] or by inhibition of
Na+/K+ ATPase [45]. Moreover, the implication of PLC in calcium
uptake induced by 1,25D3 may be related to the production of ino-
sitol trisphosphate (IP3) which, in turn, activates the IP3 receptorsto release calcium from the endoplasmic reticulum and, conse-
quently, signaling for store-operated calcium channel opening
[46].
It has been previous reported that both conventional and novel
PKCs can activate the MAPK signaling pathway [47]. In addition,
the involvement of MAPK in the mechanism of action of 1,25D3
has been described [42]. Our data also showed the involvement
of MEK in calcium uptake triggered by 1,25D3 since the use of PD
98059 totally prevented the hormone action. Moreover, the levels
of phospho ERK1/2 increased in the presence of 1,25D3 and were
similar to those of the control groups when the testis was incu-
bated with PKC or PKA inhibitors. Therefore, our ﬁndings indicate
the role of MEK in the mechanism of action of 1,25D3 in testicular
calcium homeostasis, where MEK can be activated by the PLC–PKC
signaling pathway as well as PKA and could phosphorylate the Na+/
K+ ATPase pump culminating in calcium uptake. These results are
in agreement with Khundmiri and Lederer [45] who demonstrated
an inhibitory effect of PTH on Na+/K+ ATPase activity through an
ERK-dependent pathway.
In order to characterize the possible biological signiﬁcance of
1,25D3 response in immature rat testis we selected an enzyme
(GGTP) that has been considered a marker of Sertoli cell functions
and whose activity increases between 15 and 35 days of age
[15,48] and we measured the concentration of lactate, a metabolic
substrate produced by Sertoli cells and used by germ cells [10].
GGTP is a membrane-bound enzyme that is widely distributed
in mammalian tissues [49]. Its synthesis or activity is regulated
by a large variety of effectors, including ethanol, growth factors,
and hormones [50]. In the seminiferous tubule this enzyme is
localized in Sertoli cells [51] and is stimulated by FSH and germ
cell-secreted products [48,52]. Herein, for the ﬁrst time, we dem-
onstrated that 1,25D3 is able to modulate testicular GGTP activity
in a time-dependent manner. These ﬁndings are in line with those
of a previous study which found a speciﬁc 1,25D3-induced GGTP
activity in the central nervous system [50]. Furthermore, we dem-
onstrated that the GGTP regulation by 1,25D3 is dependent on PKA
activation, as was previously reported for FSH in the Sertoli cells
[48]. The fact that GGTP could be expressed throughout the male
reproductive system and that animals deﬁcient in GGTP are infer-
tile [53] suggest that this enzyme may have an important role in
male reproduction.
Although lactate secretion was not altered by 1,25D3 treatment
it is important to emphasize that this product of glucose metabo-
lism plays an important role in germ cell survival, representing
the preferential energetic substrate for these cells [9,10,54] and
that the presence of 1,25D3 does not lead to tissue death. However,
we cannot discard the possibility that 1,25D3 may regulate lactate
production and/or secretion, since these processes are inﬂuenced
by many factors, such as time of hormone exposure, glucose con-
centration, and conversion of pyruvate to lactate.
In summary our results provide evidence that 1,25D3 triggers
plasma membrane-initiated actions by modulating calcium uptake
and by altering GGTP activity in immature rat testis. We demon-
strated that calcium uptake is dependent on intracellular calcium
levels and involves K+ and Cl channel opening and PKA, PLC/PKC
and MEK activity. Also, the inhibition of Na+/K+ ATPase produced
a similar effect to that elicited by 1,25D3. Considered together,
these ﬁndings point to a rapid nongenomic effect of 1,25D3 starting
in the plasma membrane and followed by signal transduction
pathway activation which may lead to biological effects such as
GGTP activity.
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